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Focusing and imaging are common operations, typically performed with lenses whose designs 
have been optimized for centuries. Conventional lenses suffer from fundamental limitations, 
however, such as limits in resolution and the inherent presence of optical aberrations, which stem 
from the well-established laws of reflection and refraction. In addition, systems based on 
conventional refractive optics are inherently limited to plane-to-plane imaging, and they cannot 
realize volume-to-volume imaging of three-dimensional regions of space. Recent advances in the 
area of metamaterials have shown potential ways to relax some of these limitations, yet several 
challenges still stand in the way of ideal imaging systems. Here, we introduce an imaging platform 
based on parity-time symmetric surfaces composed of a suitable combination of absorbing and 
emitting elements, time-reversed of each other, which enables enticing possibilities for focusing 
and imaging. We first derive a general recipe to obtain aberration-free volumetric imaging, 
showing the potential offered by parity-time symmetric systems in this context. A key aspect of 
this goal is the realization of an appropriate nonlocal parity-time symmetric response, which we 
achieve using multilayered metamaterials. Based on this scheme, we design a flat, transversely 
invariant lens based on a pair of parity-time symmetric, spatially dispersive metasurfaces that 
realizes robust all-angle negative refraction and volumetric imaging with reduced reflections and 
aberrations. Our findings offer interesting opportunities in the application of active 
electromagnetic systems, shed light on the practical implementation challenges of nonlocal active 
metamaterials, and open uncharted territory in the centuries-old field of imaging. 
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Optical Imaging 





O Imaging: Ability to reproduce an ensemble of point sources in a 
three-dimensional “object space”, into a different “image space”. 


Can imaging be perfect? Aberrations (spherical, 
(perfect in the sense of geometrical optics) comatic, astigmatism, etc.) 


a As shown by Maxwell (and later generalized) no optical system with given focal 


length can achieve perfect optical imaging of two, or more, distinct planes! 
M. Born and E. Wolf, Principles of Optics (Cambridge University Press, 2002). 


O Instead, an ideal optical system that performs perfect aberration-free imaging of a 
region of space would be necessary afocal. The optical length of any curve in the 
object space would be preserved in the image space. 
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Recipe for Ideal Aberration-free Imaging 


O Reflectionless, i.e., impedance 
matched (at least from one side) 


O Phase advance (re-wind phase 
propagation) 

O Transverse invariance > response 
independent of source location 





Photonic-crystal slabs 
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Phase conjugating surfaces 
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z=0 Z = d 
J. B. Pendry, Science 322, 71 (2008). M. Notomi, PRB 62, 10696 (2000). 


sensitivity to losses, granularity, S. Maslovski and S. Tretyakov, 
J. Appl. Phys. 94, 4241 (2003). C. Luo, et al., PRB 65, 201104 (2002). 


and other nonidealities 


Different Options? 





Alternative Route to Ideal Imaging 
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Can we realize this transfer matrix with a cascade of blocks without DNG materials? 







air separation of length d 
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Eigendecomposition of the Transfer Matrices 


Eigendecomposition TT = T 7: des => 
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Exceptional Point 


Q In‘open’ (non-Hermitian) physical systems, such as PT-symmetric systems, the 
eigenspace is not complete due to the presence of exceptional points, where different 


eigenvalues/eigenvectors perfectly coalesce. 
l Zh 2 
rZ, =F. 
x= Bd 


Q PT-unbroken phase A, | = 4, =| 


O Exceptional point - phase transition 


A, =A, 
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PT-Symmetric Metasurfaces for Negative Refraction 








What happens when we pair PT-symmetric metasurfaces (opposite resistivity)? 


+R —R E /2 For a given polarization and incidence angle 
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| Eee R. Fleury, D. L. Sounas, and A. Alu, “Negative Refraction and Planar Focusing 
d Based on Parity-Time Symmetric Metasurfaces,’ PRL 113, 023903, 2014. 
EE 


Q Unidirectional reflectionless response 


Q Phase advance —fd = do ri velocity, 
as in ens 


O Backward power flow, sustained by the active 
metasurface (negative resistance) 





Loss-immune, metamaterial-free, linear negative refraction 
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All-Angle Negative Refraction? 


Z.(9)=n. cos9 TM pol 
Wave impedance Z, depends a » (9) To p 


on angle and polarization Z (0) =n /cos 9 TE pol 
0 EO 





O One option is to give up transverse invariance 


=> Metasurface impedance function of transverse position, for a given source. 


+Z = - 


Y 





Analogous to an hologram 


= If we change the source the 


0¥/A response will be distorted 


R. Fleury, D. L. Sounas, and A. Alu, 12 
PRL 113, 023903, 2014. ZÍ th 


O If we keep transverse invariance, the metasurface impedance needs to be 
spatially dispersive (angle dependent) to achieve all-angle negative refraction! 
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Omnidirectional Coherent Absorption 
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The left element of the PT lens should act as an a EI k) ( œ a(o, kje 
omnidirectional coherent perfect absorber (CPA) 


A 


point 
Completely absorbs the full angular spectrum of source 
plane waves when illuminated from both sides 
with waves Satisfying a certain phase relation. 





Y. D. Chong, L. Ge, H. Cao, and A. D. Stone, 
Phys. Rev. Lett. 105, 053901 (2010). 
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CPA Design - Multilayered Slabs 


We implement effective nonlocality 


Thin multilayered slabs pe à 
through longitudinal inhomogeneity 


CPA 





A. Silva, F. Monticone, G. Castaldi, V. Galdi, A. 
Alü, and N. Engheta, Science 343, 160 (2014). 
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Coherent Perfect Absorber - Simulations 






Stack of ultrathin, non-magnetic, lossy 
layers, which implements an effective 
spatially-dispersive response 
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The system is stable! 
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Frequency-Dispersive PT-Symmetric Metasurfaces: Transient 





u PT- symmetric lens can be made LI The System slowly evolves toward 
unconditionally stable steady state, as the active element 


“synchronizes” with the input signal. 
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lossy DNG slab 


EDN C= 


Hong = 








—1+ 0.02i 
—1+ 0.02 


Planar, 
lens, analogous to a negative- 
refractive-index lens. 


(stack of layers with 
realistic material properties) 


(losses are at the 
very basis of the lensing 
mechanism) 


Diffraction limited resolution 
(evanescent spectrum is not time- 
reversible). 
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Imaging Properties 


Thin-lens formula 


Afocal lens 


i=d-o 





Magnification 





O An absolute optical instrument is afocal > Not possible to achieve magnification 


O We are currently exploring an extension of these concepts to non-Hermitian 
nonlocal cylindrical metasurfaces for magnified imaging 
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S. Savoia, et al., “Magnified Imaging Based on Non-Hermitian Nonloca 
Cylindrical Metasurfaces ,” Phys. Rev. B, vol. 95, p. 115114, March 2017. 
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We 
E 






PT-symmetry concepts, combined with an 
effective nonlocal response, allow realizing 
all-angle negative refraction and planar 
focusing. 


SZ} 


a New, non-trivial, planar “absolute optical instrument” with similar imaging properties 
as DNG lenses, but without some of their drawbacks. 





O Our investigations show that the PT-symmetric system can be made unconditionally 
stable, and that these ideas can be translated to cylindrical/spherical geometries. 
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